Supported sulfated zirconia catalysts with zirconia contents of 10, 20 and 50 wt% were prepared by impregnation of SiO 2 and γ-Al 2 O 3 supports with H 2 SO 4 /Zr(SO 4 ) 2 solutions followed by calcination at 923 K. The catalysts were characterized by X-ray diffraction, extended X-ray absorption fine structure measurements, thermal analysis, UV-vis spectroscopy, and electron microscopy. Tetragonal zirconia was detected in all silicasupported samples but only in the 50 wt % zirconia-containing alumina-supported sample, indicating high dispersion of zirconia on alumina. Alumina-supported samples retained additional sulfate, at least in part as Al 2 (SO 4 ) 3 . All samples were active in n-butane isomerization (1kPa nbutane, 378 K). There was no relation between the presence of tetragonal zirconia in these samples and the catalytic performance.
Introduction
Sulfated zirconia (SZ) is an interesting catalyst for the skeletal isomerization of short chain alkanes because it is already active at room temperature, where the valuable branched alkanes are thermodynamically favored in comparison to the straight chain isomers [1] . Typical of the SZ catalysts is the reaction profile with time on stream, which features an induction period, a rather short-lived maximum activity and a decline to a much lower steady state activity [2] . The deactivation can be prevented e.g. through addition of platinum together with the presence of hydrogen in the feed [3, 4] . Nevertheless, it remains unclear why deactivation of pure sulfated zirconia is not complete, and the question arises whether there might be different types of sites responsible for initial and long term catalytic behavior. It has been suspected that two types of sites exist [5] , but despite more than two decades of intense investigation there is no defined picture of the nature and structure of the sites that give the SZ catalysts high activity at low temperature [6, 7] .
One of the important characteristics of the active SZ catalyst is the crystalline zirconia bulk. Although there have been recent reports of active SZ catalysts with monoclinic or cubic zirconia phases [8, 9] , the majority of the literature suggests that a tetragonal zirconia phase is a necessary part of an active SZ catalyst [2] [3] [4] [5] [6] [7] [8] [9] [10] 11] . The activity of SZ can be improved by 1 to 2 orders of magnitude through the addition of small amounts of a second metal component as promoter, e.g., Mn or Fe [12] [13] [14] . It has been found that one of the effects of these promoters is the stabilization of the tetragonal (cubic) phase by incorporation of the Mn or Fe cations into the zirconia lattice [15, 16] . Furthermore, mechanical stress in the form grinding, milling, or pressing-typical laboratory practices for homogenization or wafer fabrication-can convert tetragonal into monoclinic zirconia, and the phase change is accompanied by a decrease of catalytic activity for n-butane isomerization [17] . These observations as well as the effect of the promoters support the idea of some role of the zirconia bulk phase in generation of the active sites.
The aim of the present work is to further test the hypothesis of two types of sites and to link the presence of either type to a particular crystalline phase. Our strategy is to prepare SZ catalysts that are neither monoclinic, tetragonal, nor cubic, and to compare the catalytic behavior of these catalysts with that of "traditional" catalysts with a tetragonal zirconia bulk. Two routes leading to SZ catalysts without a bulk crystalline phase have been taken. One was to prepare sulfated zirconia that consists only of amorphous zirconia walls similar to MCM-41. With a mean pore diameter of ca. 2 nm and a pore wall thickness at ca. 1 nm, a majority of the Zr atoms are exposed at internal surfaces, and a bulk zirconia crystalline phase is absent. The material is active for nbutane isomerization but less so than the traditional (tetragonal) SZ catalyst. These results have been reported in a separate paper [18] . The second route was to support SZ on high surface area materials such as alumina and silica. If a high level of dispersion is achieved, SZ will be present in the form of fine particles or thin layers without a crystalline bulk. The results with respect to the second route are presented and discussed below.
The literature reports on zirconia-alumina [19, 20] and zirconia-silica [21] [22] [23] [24] [25] mixed oxides in various compositions, and zirconia has been dispersed on alumina [26] [27] [28] [29] and on silica [26, 27, [30] [31] [32] [33] . Zirconium has been embedded in the walls of MCM-41 [34] [35] [36] [37] and SBA-15 [38] . Sulfated mixed oxides of zirconia and alumina, alumina-supported SZ, and physical mixtures of SZ and γ-alumina were tested for n-butane [38] [39] [40] [41] [42] and n-hexane isomerization [43] [44] [45] ; Ptcontaining physical mixtures of SZ and γ-alumina or silica have been tested as catalysts for the hydroisomerizationcracking of n-octane [46] . Sulfated zirconia-silica mixed oxides [47] and silica-(also MCM-41) supported SZ were found active for the isomerization of n-butane [40, 42, 48, 49] , n-pentane [50] , or n-hexane [51] and for a number of other reactions [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] . SZ and aluminum-promoted SZ have been supported on MCM-41 and SBA-15 [60] [61] [62] . Silicon has not been used as a minority species in SZ, i.e. as a promoter, while aluminum-promoted SZ [63] was tested in n-butane [64] [65] [66] [67] [68] [69] , isobutane [70, 71] , and n-pentane isomerization [64] , and benzoylation of toluene with benzoyl chloride [64, 72] .
Most of the above cited papers were aimed at generating new, more active catalysts, and characterization emphasizes acidity. The goal of our work was to relate the catalytic performance, resolved in short-term and long term behavior, to zirconia dispersion and bulk structure. For this purpose, Zr(SO 4 ) 2 was impregnated via the incipient wetness method in varying amounts onto either amorphous silica or γ-alumina. The two series of catalysts were characterized and their reaction profiles in n-butane isomerization were investigated.
Experimental

Catalyst preparation
The support materials, amorphous silica (Merck Kieselgel 500, A BET ≈ 500 m 2 /g) and γ-alumina crystallites Characterization X-ray diffractograms (XRD) were recorded in transmission geometry using a STOE STADI-P X-ray diffractometer equipped with a primary monochromator and a curved position sensitive detector with an internal resolution of 0.01°, and employing Cu Kα radiation (λ= 1.542 Å). The range of 2θ = 20° to 70° was scanned in steps of 0.03° (18 s per point). Phase identification was performed using the JCPDS powder diffraction files (PDF-2 set).
Thermogravimetric and differential thermal analysis (TG/DTA) were carried out on a SEIKO microbalance with a heating rate of 10 K/min from room temperature to 1173 K. The sample was exposed to a synthetic air flow of 100 ml/min. Thermogravimetry and differential scanning calorimetry (TG/DSC) were measured on a NETZSCH STA 449 C with a heating rate of 10 K/min from room temperature to 1373 K and with a synthetic air flow of 100 ml/min.
Scanning electron microscopy and energy dispersive X-ray analysis (SEM/EDX) were conducted on a Hitachi S-4000 microscope equipped with a cold field emission gun and an energy dispersive X-ray detector at an acceleration voltage of 10 kV. Transmission electron microscopy was performed on a Philips TEM/STEM CM 200 FEG operated at 200 kV.
Diffuse reflectance UV-vis spectra were acquired with a PerkinElmer Lambda 9 spectrometer in the range of 250-800 nm with a scan speed of 240 nm/min against Spectralon ® (Labsphere) as a white standard.
X-ray absorption spectra of the Zr K edge (17.998 keV) were recorded at beamline X1 at the Hamburger Synchrotron Radiation Laboratory, HASYLAB, using a Si(311) double crystal monochromator. The storage ring operated at 4.45 GeV with injection currents of 150 mA. X-ray absorption fine structure (XAFS) analysis was performed using the software package WinXAS v2 [73] . Details about the XAFS analysis procedure employed can be found in reference [74] .
Catalytic tests
Catalytic tests were carried out in a flow-through fixed bed reactor with an internal diameter of 13 mm. Catalysts containing 200 mg ZrO 2 were charged and activated at 723 K for 90 min in a nitrogen flow of 30 ml/min. After cooling to 378 K, a flow of 1 vol% n-butane in N 2 at a rate of 30 ml/min was fed through the reactor at atmospheric pressure. The weight hourly space velocity (WHSV) was ca. 0.2 h -1 . Product analysis was performed by on-line gas chromatography (PerkinElmer Autosystem) using a Carboxen 1000 column (45/60 mesh, packing density 0.5 g/ft, length 2 ft, ID 2.1 mm, Supelco) and a flame ionization detector.
Results and Discussion
Fig . 1a shows the X-ray diffractograms of silicasupported samples. The diffraction lines corresponding to crystalline Zr(SO 4 ) 2 ⋅4H 2 O, PDF , are present in the diffractograms of the impregnated silica samples even at loadings as low as 10 wt%. No other reflections were detected in these diffractograms. During calcination the Zr(SO 4 ) 2 ⋅4H 2 O loses water and can decompose to be transformed into sulfated zirconium oxide [75] . Accordingly, diffraction peaks of tetragonal ZrO 2 , PDF , are observed, and they are present at all concentrations. The peaks are quite broad (FWHM of the (111) peak is ca 1.4°), with low intensities, indicating that these ZrO 2 crystallites are small. Using Scherrer's formula, D = 0.9λ/βcosθ [76] , where β is the FWHM in radians and θ is the Bragg angle, the mean crystalline domain size of the crystallites detected using XRD is estimated to be 6 nm. Small amounts of monoclinic zirconia may be present in some of these samples, as indicated by a weak reflection at ca. 28.5° and a shoulder at about 31.5° on the (101)-reflection of tetragonal zirconia. The composition of the 50 wt% ZrO 2 /SiO 2 samples is somewhat surprising in that only minute amounts of crystalline tetragonal and monoclinic zirconia were detected. The diffractogram is dominated by the reflections of the alpha-phase of Zr(SO 4 ) 2 , PDF . Some very weak reflections indicate traces of the beta-phase of Zr(SO 4 ) 2 , PDF . [43] found tetragonal and monoclinic zirconia; Lei et al. [41] observed tetragonal zirconia already at 15 wt% ZrO 2 . For our samples, the dispersion of the precursor and of the zirconia on alumina is higher than on silica, and at low zirconium concentrations, particles or thin layers with dimensions below those detectable using XRD are formed. A stronger interaction of zirconia with alumina than with silica was also postulated by Lei et al. [42] . However, the dispersion of zirconia on silica is strongly preparation-dependent. Zirconia can be dispersed on or interspersed with silica by sol-gel methods using binary solutions [47, 54] or it can be dispersed on the extremely large surface area of MCM-41 [50, 67, 69] by liquid deposition. It may be well dispersed on silica when an alkoxide is used as precursor [30, 32] but poorly dispersed when nitrate is used [30] . For both supports, silica and alumina, the dispersion may even be dependent on the solvent used during deposition [26] . No general conclusions on the interaction between zirconia and the supports can thus be drawn from one specific preparation route. TG/DTA of the as-impregnated samples with 10 wt% ZrO 2 (Fig. 2 ) also demonstrates the different manner of interaction of the two supports with zirconium and sulfate species. On the silica support the decomposition of Zr(SO 4 ) 2 is completed in the temperature range from 823 to 973 K; the process was followed by an exothermic event in the DTA curve, which, although not of the typical sharpness, may indicate crystallization of ZrO 2 . On the alumina support, the decomposition occurs over a greater temperature range of from 823 to 1173 K, and there is no significant exothermic effect observed. These experimental findings indicate that the interactions between zirconium and sulfate ions and alumina are stronger than those between zirconium and sulfate ions and silica. More differences between the silica-and aluminasupported samples can be seen with electron microscopy. SEM pictures of calcined samples with 20 wt% ZrO 2 on SiO 2 and γ-Al 2 O 3 are shown in Fig. 3 and give an overview of the morphology of the samples. The silica particles appear more rounded while the alumina particles are rather edgy. SEM-EDX was used to investigate the homogeneity of the samples before and after calcination. The results are presented in Table 1 ; as oxygen content from SEM-EDX tends not to be very reliable, oxygen was excluded in the calculations. The silica-supported samples are more heterogeneous as can be seen from the consistently larger standard deviations. Also, it is obvious that about 60% of the original sulfur are retained in the alumina-supported samples while only about 30% are retained in the silica-supported samples. A relatively large amount of sulfate thus appears to be bound as Al 2 (SO 4 ) 3 or on the surface of alumina in the respective samples. This result is consistent with reports by Grau et al. [46] who found a higher sulfate content in alumina-than in silica-supported sulfated zirconia samples. In the TEM images (20 wt% ZrO 2 ) of the silicasupported sample (Figs. 4a-4c ), zirconia crystallites with sizes up to 5-10 nm can be seen. They are found accumulated (Fig. 4a,b) or as individual particles attached to the SiO 2 surface (Fig. 4c) . Not all crystallites could be unambiguously assigned to a phase but . These observations are consistent with the XRD data. In the image shown of the alumina-supported sample (Fig. 4d) , zirconia crystals do not stand out from alumina crystallites. Observable lattice spacings can either be assigned to monoclinic ZrO 2 or γ-Al 2 O 3 . The fact that fewer well-defined zirconia crystals and accumulations thereof are present in the images is consistent with higher dispersion of zirconia on alumina as indicated by the X-ray diffractograms. According to the TG/DSC data of the calcined 20 wt% ZrO 2 samples, presented in Figs. 5a and 5b, a higher water content appears to go along with the higher sulfate content. The initial weight loss at low temperatures, which is ascribed to desorption of water from the surface, is about twice as large for the alumina as for the silica-supported ZrO 2 . Sulfate decomposition occurs at temperatures greater than 923 K and the corresponding weight loss, which can be taken as a measure of the SO 3 -content, amounts to 1.5% for the silica-based samples and to 9% for the aluminabased sample. These data are consistent with the bonding of sulfate not only to zirconia but also to alumina and the presence of Al 2 (SO 4 ) 3 as detected by XRD. The sulfur contents do not quite correspond to the SEM-EDX results; potential reasons are (i) only the decomposable sulfate is observed in the thermal analysis, and (ii) errors in absolute values obtained from SEM-EDX, particularly for the interfering Zr and S signals. 6 shows the diffuse reflectance UV-vis spectra of the calcined samples with 20 wt% ZrO 2 on silica (6b) and on alumina (6c), along with the spectrum of a bulk SZ catalyst, MEL Cat. (6a). Alumina and silica are insulators without defined features in the investigated range; only the reflectivity of the alumina was generally lower. While the reference SZ catalyst absorbs only below 300 nm, both supported catalysts show contributions up to 400-450 nm. The broad absorption cannot be attributed to a shift of the band gap as an effect of zirconia particle size, because these spectra are very similar to the spectra of the uncalcined samples (not shown), which do not contain zirconia. Spectra of finely dispersed zirconia on silica [25, 32] do not exhibit contributions at wavelengths higher than 250-300 nm, suggesting that the sulfate in our samples may be part of the species causing the absorption towards longer wavelengths. On the other hand, a broad shoulder extending towards 360 nm in the spectrum of ZrO 2 has been explained by defects and non-stoichiometry [28] . The minimal conclusion from our data is that at least a fraction of the zirconium ions in supported zirconia has a different local environment than zirconium in bulk sulfated zirconia. The local structures of supported zirconia were characterized with EXAFS. Fig. 7 depicts the pseudo-radial distribution function for the Zr K edge of the calcined samples with 20 wt% ZrO 2 and for comparison corresponding data of a tetragonal SZ and a monoclinic ZrO 2 . The radial distribution function for both supported samples is more similar to that of monoclinic ZrO 2 than to that of the tetragonal SZ. The broader Zr-O first shell of the monoclinic reference is a combination of seven different Zr-O distances while the tetragonal structure has only two different Zr-O distances. The maximum at about 3.1 angstroms is formed by combinations of Zr-Zr distances for both references, and is of lower amplitude for the supported samples than for the references, indicating greater disorder, dispersion, or a combination of ordered structures. Additionally such changes may indicate next nearest neighbors that are not Zr, for instance Zr-Si which has been reported for silica-supported zirconium oxides [33] or perhaps Zr-Al. The amplitude of the radial distribution for the aluminasupported sample is lower than that of the silica-supported sample and this may indicate more disorder or a broader combination of structures or more highly dispersed zirconium species. The small ZrO 2 particles on silica and the highly dispersed ZrO 2 on alumina show somewhat similar local coordination around the Zr ions.
Both catalyst systems with up to 20 wt% ZrO 2 on SiO 2 and γ-Al 2 O 3 can be considered as SZ catalysts with a high fraction of well-dispersed, nanosized sulfated zirconia. It is thus meaningful to compare their catalytic behavior with the MEL Cat., in order to determine the effect of the bulk phase. The isomerization tests were carried out at 378 K at a WHSV of about 0.2 h -1 . The rates of n-butane isomerization to isobutane for ZrO 2 supported on silica and alumina, for a calcined, unsupported Zr(SO 4 ) 2 •4H 2 O, and for the MEL Cat. are depicted in Fig. 8 tions, and at this low level of conversion the selectivity for isomerization products is 100% (Fig. 8a) . Both catalysts pass through a period of increasing conversion, reach a maximum after 4 and 0.5 h on stream, respectively, and then partially deactivate to a "steady state" of activity. The catalyst obtained from the MEL precursor exhibits a remaining activity that is still larger than the maximum activity of the calcined Zr(SO 4 ) 2 •4H 2 O catalyst or any of the other samples.
For the supported catalysts with up to 20 wt% ZrO 2 loading, the short-term high activity is absent (Figs. 8b and  8c) . The catalysts seem to undergo a long induction period. The activity increases gradually with time on stream for up to the maximum test time of 20 h and is more stable than those of the unsupported SZ catalysts. A similar observation of steady conversion was reported by Guo et al. [56] , who compared the performance of silica-supported SZ and unsupported SZ in alkylation. There is no striking difference between the silica-and the alumina-based materials although the silica-supported materials contain detectable (XRD) amounts of tetragonal zirconia.
The profiles of supported catalysts with 50 wt% ZrO 2 show a maximum catalytic activity at early time on stream and a more or less steady activity between 2 and 15 h on stream. Samples made from a raw material with a high content of zirconium and sulfate quite logically approach the catalytic performance obtained for the calcined zirconium sulfate.
The isomerization selectivity of all these supported catalysts is 100% under the test conditions. There are very few data in the literature that are comparable to our zirconia contents and reaction conditions, and that show the time on stream behavior. Lei et al. [41, 42] e.g. tested ZrO 2 /γ-Al 2 O 3 and ZrO 2 /SiO 2 catalysts in n-butane isomerization at 523 K, but under their conditions, the catalysts deactivated from the beginning. Although the maximum n-butane isomerization rates achieved with the supported samples were 1-2 orders of magnitude lower than that of the calcined commercial material, all samples were active, no matter whether they contained detectable amounts of bulk tetragonal zirconia or not. It follows that there must be a species responsible for the basic activity, and these sites are rather easily formed as long as zirconium and sulfate are present in the raw material and the calcination temperature is within a certain range. When these conditions are fulfilled, it is almost impossible to make a totally inactive material. Consistent with this is the observation that the tetragonal phase is not a prerequisite for catalytic activity; e.g. monoclinic zirconia has been reported as active [8] .
On the basis of the XRD data and the hypothesis that the tetragonal phase should be particularly active, three samples are expected to perform outstandingly: 10 and 20 wt% ZrO 2 /SiO 2 and 50 wt% ZrO 2 /Al 2 O 3 . This is obviously not the case. In the silica series, the highest maximum activity is, though short-lived, displayed by the 50% ZrO 2 sample, which contains zirconium sulfate and hardly any tetragonal zirconia. The 50 wt% ZrO 2 /Al 2 O 3 sample, which is the only one in the series containing detectable (XRD) amounts of tetragonal zirconia, is overall less active than the other two alumina-supported samples, which do not contain tetragonal zirconia. The results of the aluminaseries may be somewhat obscured by the fact that sulfate is associated with zirconia and alumina. Nevertheless, a simple correlation between the observation of high catalytic activity and the presence of the tetragonal zirconia phase can not be made.
Rather than the presence or absence of tetragonal zirconia, the site density may be a decisive parameter, because a low site density may allow only for the slower monomolecular isomerization mechanism while a high density might favor the faster (lower activation energy [77] ) bimolecular mechanism. Dilution of active sites, equal to the presence of an inert material such as a support, appears advantageous in that it prevents rapid deactivation that goes along with the bimolecular mechanism [2] . Consistent with this hypothesis, only the supported materials with high zirconia content deactivate during the observation span. The origin of the pronounced high initial activity in the case of the 50 wt% ZrO 2 /SiO 2 sample may be the zirconium sulfate phase, which possibly provides a high site density. As an active phase in unsupported sulfated zirconia catalysts, a surface sulfate can be imagined, because S K edge absorption spectra of such materials resemble the spectrum of zirconium sulfate [15] .
Our investigations show that the correlation between (high) activity and phase composition is much more complex than previously thought [18] . Catalysts that do not contain tetragonal zirconia may exhibit considerable activity while catalysts that do contain tetragonal zirconia may perform moderately. Reaction profiles here and in the literature show a rapid, though never complete, deactivation. This behavior can be explained by two models: (i) two types of sites are present, a highly active but deactivating type, and a less active but stable type or (ii) site ensembles and isolated sites are present, and only ensembles deactivate because they evoke the bimolecular mechanism with its side products, which eventually transform into coke [2] .
Summary and Conclusions
The interaction between zirconium ions and silica is weak, small particles of tetragonal zirconia form on the silica support after impregnation with zirconium sulfate solutions and calcination, also at low zirconia loadings (10 and 20 wt%). On alumina with the same loadings, the dispersion of zirconia is higher than on silica, formation of a crystalline zirconia phase is not observable. Additionally, sulfate reacts with the support to form Al 2 (SO 4 ) 3 , which increases the sulfate content in these samples. UV-vis and XAFS spectra show for both supports that at a content of 20 wt% the local zirconium environment in supported zirconia is decidedly different from that in bulk tetragonal zirconia.
All supported sulfated zirconia materials were active. With increasing zirconium sulfate content in the precursor, the reaction profiles resembled more and more that of the catalyst made by calcination of Zr(SO 4 ) 2 •4H 2 O, i.e. the conversion reached a maximum within the first 2 hours on stream and then decreased. For the investigated series of samples, neither the maximum activity nor the steady state activity correlate with the presence of detectable (XRD) amounts of tetragonal zirconia, suggesting that other factors such as site density or zirconia defect structure are more important.
